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The main topics described in this thesis concern the over-expression, purification, membrane
reconstitution and characterization of the lactose transport protein, LacS, of Streptococcus
thermophilus. LacS catalyzes the uptake of galactosides in symport with a proton, but in vivo the
dominant transport reaction is the exchange of lactose for intracellularly formed galactose without the
net movement of protons. LacS is a hybrid protein composed of a polytopic membrane domain that is
predicted to span the cytoplasmic membrane twelve times in a D-helical configuration and a carboxy-
terminal hydrophilic domain of about 180 amino acids. This hydrophilic domain is homologous to IIA
protein(s) (domains) of various phosphoenol-pyruvate:sugar phosphotransferase systems and is
involved in the regulation of transport upon (PEP-dependent) phosphorylation.
The lactose transport protein of S. thermophilus is a member of the family of transport proteins
that transport Galactosides, Pentosides or Hexuronides (GPH). By analyzing the aligned amino acid
sequences of the GPH family, and by exploiting their different specificities for cations and sugars,
mutations have been designed that yield novel insights into the nature of ligand binding sites in
membrane proteins (Chapter 2). Topological analyses indicate that various transmembrane segments of
LacS are highly amphipathic with a range of acidic and/or basic residues on the same face of the
predicted structure. For instance, the putative second membrane spanning segment of LacS contains an
arginine (Arg-64) and two negative amino acid residues (Glu-67 and Asp-71), which are all located on
one face of a putative amphipathic D-helix. It is energetically unfavourable for charged amino acid
residues to reside in the membrane spanning portions of a membrane protein, unless they have a direct
role in the structure and/or functioning of the system. The possible roles of the residues mentioned
were studied by site-directed mutagenesis and characterization of the mutants in Escherichia coli.
Putative helix-II is highly conserved in the GPH-family and it was therefore decided to construct a
hybrid protein, consisting of the first two putative helices of MelB of E. coli and the last ten of LacS
(MelB2LacS10). Although the MelB2LacS10 protein did not catalyze proton driven uptake, significant
transport of lactose down the concentration gradient was observed. Part of the interactions formed by
the (charged) residues in helix-II of LacS are likely to be taken over by residues present in the
equivalent part of MelB. On the basis of these results and those obtained with mutant MelB proteins a
model is proposed for the role of charged amino acid residues in the co-ordination of the coupling ion
(Chapter 3).
To facilitate the purification of the protein, LacS was functionally amplified in E. coli and S.
thermophilus to at least 8 and 25% of total membrane protein, respectively. The protein was very
efficiently solubilized from membranes of S. thermophilus by several of the commonly used detergents
(Triton X-100, DDM, DM, OG, and C12E8). Conditions were optimized to keep the solubilized protein
in its native conformation (Chapter 4). The properties of the protein solubilized in DDM or Triton X-
100 were compared and spectral analysis (absorption and circular dichroism) as well as equilibrium
binding measurements showed that the DDM and Triton X-100-solubilized proteins are
indistinguishable. It was calculated that the secondary structure of the carrier domain consists for about
75% of D-helix, which is expected for a protein that traverses the membrane 12 times in a D-helical
configuration. For the measurements of the dissociation constant for galactose, a single cysteine
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mutant was constructed that could be labeled through sulfhydryl modification near the putative sugar
binding site. This mutant protein reported ligand-induced conformational changes when labeling with
Mal-ANS was followed in time (Chapter 6).
The LacS protein carrying a poly-histidine tag was purified (>98%) in large quantities from the
solubilized membranes by a two step process involving nickel chelate affinity and anion exchange
chromatography. The purification protocol was optimized for Triton X-100 and DDM (Chapter 4).
An overview of the topic of membrane protein reconstitution is given in Chapter 7 and the
importance of lipid/detergent, detergent/protein and lipid/protein interactions on the functional
reconstitution of membrane proteins into proteoliposomes is discussed. These interactions appear to be
very important and explain the difficulties generally encountered when reconstituting membrane
proteins. The membrane reconstitution of purified LacS was studied systematically by stepwise
solubilization of preformed liposomes and protein incorporation at the different stages of
solubilization. The rate of detergent removal appeared to be important for the transport activity of the
proteoliposomes and was carefully controlled by using exact amounts of polystyrene beads (Bio-
Beads). Consistent with the in vivo lactose/galactose exchange catalyzed by the protein, the maximal
rate of lactose counterflow measured in the proteoliposomes was almost 2-orders of magnitude higher
than that of the proton-lactose symport reaction (Chapter 4).
Importantly, when Triton X-100 was used to mediate the reconstitution, proteoliposomes were
obtained in which LacS was reconstituted unidirectionally with an inside-out orientation. In case of
DDM-mediated reconstitution the orientation was random (Chapter 4 and 5). A rationale for these
differences was suggested from an analysis by cryo-transmission electron microscopy the liposome
structures in the presence of Triton X-100 or DDM. Whereas in case of Triton X-100 the bilayer
structure is maintained even with relatively high detergent concentrations, liposomes titrated with
DDM were already disrupted at the onset of solubilization. The membrane sheets formed were
converted into long threadlike micelles at higher DDM to lipid ratios. Membrane proteins of which the
inner and outer surface differ significantly will insert unidirectionally once a closed vesicular structure
is formed. With DDM, liposomal structures are only sustained until the onset of solubilization and
these are then converted into membrane sheets. It seems likely that membrane proteins insert into these
structures from both surfaces, which is consistent with the observed random orientation of the protein
in the proteoliposomes obtained with DDM (Chapter 5).
The orientation of LacS in the proteoliposomes is a critical factor for the activity of the
proteoliposomes as the kinetics of translocation are very different for the opposite directions of
transport. The more or less random orientation of LacS in case of DDM explains in part the lower
transport activity measured in counterflow assays. For proteoliposomes obtained via Triton X-100-
mediated reconstitution it was possible to determine the apparent affinity constants for lactose at the
outer and inner surface of the membrane and these were ~ 0.2 mM and 10 mM, respectively. In case of
the DDM-mediated reconstitution about 50% of the molecules have the low-affinity site exposed to the
outside op the proteoliposomes. Thus, at a substrate concentration far below the apparent affinity
constant, about half of the molecules will not contribute significantly to the overall transport activity
(Chapter 5).
The reconstitution of LacS mediated by DDM and achieved by using polystyrene beads to adsorb
the detergent does not only lead to a random orientation of the protein in the proteoliposomes, but also
causes a significant loss of lipid during the reconstitution. The lipid to protein ratio appeared to be of
critical importance for the final transport activity in the proteoliposomes, and this phenomenon
provides a further rational for the lower activity when DDM instead of Triton X-100 is used to mediate
membrane reconstitution of LacS (Chapter 6).
